The interaction in mesophyll protoplasts of two strains of raspberry ringspot virus, RRV-S and RRV-E, was studied usingfluorescent antibody to detect strainspecific antigen. Staining with fluorescent antibody was weak and generalized unless the protoplasts were also infected with tobacco rattle virus (TRV), which induces RRV to form antigen aggregates and was therefore used routinely to make RRV antigen more easily detectable.
INTRODUCTION
Two strains of a virus may interact in whole plants in a variety of ways. One of the best known effects is the interference found when a non-lesion-forming strain is inoculated in a mixture with a lesion-forming strain and decreases the number of lesions produced (Sadasivan, I94o) . Another well-known phenomenon is the cross protection conferred in systemically infected plants by one strain against the effects of inoculation with a second strain (Bennett, I95I ) . This is the basis of the plant-protection test used to detect relationships between virus isolates.
There is little information on the mechanisms underlying these phenomena but some authors (e.g. Siegel, I959) have postulated that two strains of a virus cannot multiply in the same cell. Thus, the finding that u.v.-irradiation of leaves inoculated with a mixture of u.v.-susceptible and u.v.-resistant strains of tobacco mosaic virus can increase the number of lesions produced by the u.v.-resistant strain (Rappaport & Wu, I962) can be taken as evidence for an exclusion mechanism of this general type. However, the occurrence of virus particles with heterologous (Atabekov et al. I97O) or mixed (Taliansky et al. I977) protein coats in extracts from leaves infected with particular pairs of strains of tobacco mosaic virus (TMV), and the occurrence of inclusion bodies characteristic of two different strains of TMV in one cell of doubly infected plants (Kassanis & Milne, I970 , indicate that at least some of the processes involved in the replication of different virus strains can occur in the same cell in intact tissue.
Recent studies indicate that inoculation of suspensions of plant protoplasts with two strains of a virus (Dawson et al. I975; Otsuki & Takebe, i976 ) can result in double infection of individual protoplasts. When protoplasts were infected with two strains of TMV, many of the progeny virus particles were found to contain a mixture of the two kinds of coat protein (Otsuki & Takebe, I978 ) , and when they were infected with the wild-type form and a ts mutant of cowpea chlorotic mottle virus, and incubated at a non-permissive temperature, the mutant RNA-3 was incorporated in wild-type virus coats in preference to thewildtype RNA-3 (Dawson et al. I975) .
In this paper we describe some effects of interactions of strains of raspberry ringspot virus (RRV) in protoplasts. These interactions were assessed by the production of aggregates of virus particle antigen, a phenomenon that depends on double infection with tobacco rattle virus (Barker & Harrison, I977a, b) . Tobacco rattle virus was therefore included in many of the inocula to reveal the accumulation of RRV particle antigen. The results indicate that the particle antigens of two RRV strains can be produced in the same protoplast, that strain-specific interference can occur, and that some virus-containing protoplasts from plants systemically infected with one strain can produce the particle antigen of a second strain after inoculation with the second strain.
METHODS
Virus strains. The following virus strains were used: tobacco rattle virus, CAM strain (TRV; Harrison & Woods, I966) ; raspberry ringspot virus, English strain (RRV-E; Cadman, 196o) ; raspberry ringspot virus, Scottish strain (RRV-S; Harrison, 1958 a) .
RRV-E and RRV-S were purified from systemically infected leaves of Nicotiana clevelandii using the butanol clarification and ultracentrifugation method described by Murant et al. (I972) . TRV was purified as described by Cooper & Mayo (I972) from systemically infected leaves of N. clevelandii. Preparation, inoculation and culture ofprotoplasts. In general the methods of Barker & Harrison (I977a, b) were used. Protoplasts were prepared from leaves of either tobacco (Nicotiana tabacum cv. Xanthi) plants grown in the controlled environment specified by Kubo et al. (I975a) , or Nicotiana benthamiana plants grown in the following controlled environment: 16 h at 24 °C with illumination of 5000 lux alternating with 8 h at 20 °C in darkness. Protoplasts were prepared by the two-step enzyme digestion technique, and were inoculated by the indirect method, and washed, as described by Kubo et al. (I975b) .
The inoculation mixtures contained one or more viruses at the concentration(s) indicated, together with poly-L-ornithine at I #g/ml (unless otherwise stated), and 5 × IO4 protoplasts/ml in o'o25 M-potassium phosphate buffer, pH 6-o, containing o'7 i-mannitol. When one virus was inoculated before another, the protoplasts were washed twice in o'7 M-mannitol containing o-I mu-CaCl~ and kept in mannitol solution at 22 °C in light of 3ooo lux until the second inoculation. Inoculated protoplasts were incubated for 2 or 3 days at 22 °C in continuous light at 3ooo lux (Kubo et al. I975b ) .
Preparation and use of antibody conjugates. Fluorescein conjugates were prepared from antisera to TRV, RR¥-E or RRV-S particles, as described by Kubo et al. (I975b) . RRV-E and RRV-S antibody conjugates were each absorbed with the heterologous virus strain. This was done by adding a sample of purified virus, incubating for I h at 37 °C followed by 2 to I6 h at 4 °C, then removing the precipitate by sedimentation for 5 min at 6ooog, and repeating this procedure until no further precipitate was produced. After absorption, the conjugates did not stain protoplasts doubly infected with the heterologous RRV strain and TRV, but stained strongly those infected with the homologous strain and TRV. Infection with TRV was assessed by counting the percentage of surviving protoplasts that stained with fluorescein-conjugated antibody to TRV particles (Kubo et al. I975b) . Unless otherwise stated, infection with RRV was assessed by counting the percentage of protoplasts containing aggregates of RRV particle antigen.
RESULTS

Inoculation with strain mixtures
When inoculated with TRV, either strain of RRV produced antigen aggregates in a large percentage of tobacco protoplasts (Table I) . When the inoculum contained TRV and both strains of RRV, each at 0"5/~g/ml, a large percentage of inoculated protoplasts became infected with each RRV strain as indicated by staining with the strain-specific fluorescent antisera. The percentage of protoplasts stained by a mixture of the two strain-specific RRV antisera hardly exceeded the percentage stained by fluorescent antibody to RRV-S only (Table I) . About 70 % of the protoplasts producing RRV-S antigen aggregates also produced those of RRV-E. When protoplasts containing both RRV antigens were stained with antibody specific for either one of them, the intensity of staining was not noticeably different to that of protoplasts infected with only one of the RRV strains.
In several experiments involving inoculation with both strains of RRV, the proportion of protoplasts producing RRV-E antigen aggregates was less than that found after inoculation of RRV-E without RRV-S (Table I) . A similar but much smaller decrease was sometimes found for RRV-S antigen aggregates. To investigate this point in more detail, protoplasts were inoculated with TRV mixed with one or both RRV strains, at either o.I or I.O #g/ml. When the inoculum contained ten times more RRV-S than RRV-E, or equal concentrations of each strain, RRV-S always dominated the infection and the percentage of protoplasts producing RRV-E antigen aggregates was less than that found using inoeula lacking RRV-S (Table 2) . When RRV-E was in excess in the inoculum, antigen aggregates of each strain were produced in similar percentages of protoplasts. This dominance of RRV-S after inoculation of strain mixtures occurred consistently but differed in degree in different experiments. These results therefore indicate that there is some interference between the two RRV strains when protoplasts are inoculated with strain mixtures.
In further experiments, the specific infectivity of the two RRV strains was compared, using freshly purified virus prepared in the same way. Protoplasts were inoculated with TRV at o'5 #g/ml mixed with either RRV strain at o-oo16 to I/tg/ml. As judged from the proportion of protoplasts producing RRV antigen aggregates, the specific infectivity of RRV-S in general was about fivefold greater than that of RRV-E. The dominance of RRV-S after simultaneous inoculation with RRV-E therefore may be attributable largely to this difference in specific infectivity.
Delayed inoculation of a second virus strain
Otsuki & Takebe (1976) found that tobacco protoplasts infected with one TMV strain became resistant to infection with a second strain more rapidly than they became resistant to infection with cucumber mosaic virus. To see whether strain-induced resistance occurs with RRV strains, protoplasts were first inoculated either with TRV alone or with TRV plus one RRV strain, and at intervals afterwards the protoplasts were inoculated with the other RRV strain. When inoculation with TRV was followed after various intervals up to 12 h by inoculation with either strain of RRV the susceptibility to RRV declined with increasing time after the first inoculation (Table 3 )-However, susceptibility to the RRV strain in the second inoculum declined much more drastically when the first inoculum contained the heterologous strain of RRV in addition to TRV. Thus it appears that one strain will increasingly prevent production of antigen of the heterologous strain as the interval between their inoculation increases.
The extent of this interaction can be expressed as the 'percentage exclusion', which is defined by the formula:
where A is the percentage of TRV-infected protoplasts producing RRV strain I antigen aggregates when inoculation of this strain is preceded by that of RRV strain 2 and TRV; and B is the percentage of TRV-infected protoplasts producing RRV strain I antigen aggregates when inoculation of RRV strain I is preceded by that of TRV only. Fig. I shows a plot of the data from Table 3 , expressed in this way. The exclusions induced by the two strains develop approximately in parallel, but that induced by RRV-S is the greater at all times, and is total at I2 h after the first inoculation.
The results in Table 2 indicate that the amount of interference between the two RRV strains inoculated simultaneously depends on their relative concentrations in the inoculum. This suggested that the inoculum concentration of the heterologous strain in a delayed second inoculation might affect its multiplication. Therefore tests were made in which protoplasts were first inoculated with TRV plus one RRV strain, each at o'5/~g/ml, and 8 h later were inoculated again, this time with the heterologous RRV strain, at o.I to 12"5/zg/ml. When the first inoculum contained RRV-S and the second contained RRV-E, RRV-E was almost completely excluded (Table 4 )-In contrast, when RRV-E was inoculated first, RRV-S in the second inoculum was scarcely excluded at all, despite the fact that more than 7o % of the TRV-infected protoplasts produced aggregates of RRV-E antigen. However, in neither instance did increasing the virus concentration in the second in~culum above o. 5 #g/ml increase the probability of producing antigen aggregates.
Inoculation of protoplasts from systemically infected leaves Superinfection of protoplasts obtained from N. benthamiana leaves systemically infected with an unrelated virus was described by Barker & Harrison (I 977 b) , and a similar approach was therefore adopted to study the interaction between the two RRV strains. To interpret the results of such experiments it is essential to know what proportion of cells in the systemically infected leaves contain virus. The first N. benthamiana leaves to become infected systemically with RRV-S show obvious ringspot symptoms and are somewhat distorted; leaves produced later are almost symptomless but contain virus, the so-called 'recovered' leaves. When protoplasts were prepared from fully expanded recovered leaves and were stained with homologous antiserum, they usually showed only weak generalized staining, with most protoplasts having in addition a small inclusion that stained more strongly. Although in most preparations of protoplasts it was therefore difficult to assess accurately the percentage * Inocula contained the viruses, each at 0"5/zg/ml, and poly-L-ornithine at 1"5 #g/ml. t Protopla~ts were sampled 3 days after inoculation. Figures are the percentages of protoplasts containing virus antigen (TRV) or antigen aggregates (RRV). Information in parentheses indicates the proportion of protoplasts showing weak generalized staining with or without an inclusion body.
containing antigen, in some preparations at least 98 % were found to be infected. Moreover, protoplasts prepared from similar leaves that were less than half their eventual length were stained more intensely, and in all instances at least 99 % were seen to contain RRV antigen. These protoplasts were much smaller than normal and were not viable long enough to be suitable for challenge-inoculation experiments.
When protoplasts were prepared from the oldest recovered leaf of plants inoculated with RRV-S I I days previously, and were inoculated in the usual way with TRV, nearly all became infected with TRV and 35% produced aggregates of RRV-S antigen (Table 5) . Similar protoplasts inoculated with RRV-S and stained, three days later, with antibody to RRV-S particles did not stain differently to uninoculated protoplasts. Three days after inoculation with RRV-E, however, a few protoplasts showed faint generalized fluorescence when treated with RRV-E-specific antiserum. This suggests that RRV-E had become established in protoplasts already infected with RRV-S, but the fluorescence was too weak and variable for a meaningful assessment to be made of the percentage of protoplasts affected. Unequivocal evidence was obtained from protoplasts inoculated with both TRV and RRV-E. Almost all became infected with TRV, and aggregates of antigen of each RRV strain were also produced (Table 5 ). RRV-E antigen was produced in at least I I ~o of these protoplasts.
In control tests, protoplasts prepared at the same time from uninfected N. benthamiana were readily infected with TRV and RRV-E: 97% produced TRV antigen and 83% produced aggregates of RRV-E antigen. Thus the percentage of RRV-S-infected protoplasts that produced RRV-E antigen aggregates after challenge inoculation was only a seventh of the percentage of previously uninfected protoplasts that produced them. Although this suggests that infection with RRV-S had increased resistance to establishment of RRV-E, this conclusion is questionable, because the physiological states of uninfected and RRV-Sinfected protoplasts probably differ in many ways. The difference in establishment of RRV-E therefore might reflect some non-specific effect of RRV-S infection, although this view is not supported by the fact that TRV multiplied in as many RRV-S-infected protoplasts as previously uninfected ones.
Further experiments, to examine the susceptibility of RRV-E-infected protoplasts to the establishment of RRV-S, were unsuccessful because protoplasts from RRV-E-infected N. benthamiana plants died in less than 2 days after inoculation.
Protection conferred by RR V-S in intact plants
It is well known that strains of nepoviruses confer protection from the effects of other closely related strains when recovered leaves containing one strain are inoculated with another, and that raspberry ringspot virus behaves in this way (Harrison, I958a; Murant et al. I968) . However, tests were made to find whether the two strains of RRV used here behave as expected in N. benthamiana. A batch of young plants were inoculated with RRV-S and, 2 weeks later, three recovered leaves on each plant were inoculated with RRV-E. At the same time, uninfected plants of the same age were inoculated with RRV-E. Many lesions developed in the inoculated leaves of the previously uninfected plants and typical systemic symptoms were produced, but no symptoms developed in the inoculated or uninoculated leaves of plants previously infected with RRV-S. RRV-S therefore protected N, benthamiana efficiently from the effects of RRV-E.
DISCUSSION
Our experiments show three main phenomena: (I) double infection of individual protoplasts with two RRV strains after simultaneous inoculation, (2) interference between strains that increases with increasing interval between inoculation of one strain and that of the other, and (3) lack of complete protection when one strain is inoculated to protoplasts from leaves systemically infected with the other. However, all these findings are based on the results of fluorescent antibody staining and they therefore relate only to the accumulation of virus antigen, which is coded for by the smaller part of the RRV genome (RNA-2 Harrison et al. I972a ) . Our experiments provide no information on other aspects of replication.
When the two strains were inoculated simultaneously, the results obtained with RRV were very like those of similar tests with TMV (Otsuki & Takebe, I976), except that in the experiments with RRV there is the added complication that RRV antigen was detected as aggregates which are produced only in protoplasts also infected with TRV. With RRV, as with TMV, antigens of two different strains were produced in a large proportion of protoplasts, and this proportion depended on the relative concentrations of the strains in the inoculum. However, when inoculated in mixtures, RRV-S interfered with RRV-E more than RRV-E interfered with RRV-S, although this differer~ce may largely be caused by the greater specific infectivity of RRV-S for the protoplasts. These findings are further evidence against the idea that two strains of a virus cannot multiply in the same cell, and in favour of the hypothesis that two strains compete in the cell for sites or material necessary for their establishment but not for that of unrelated viruses.
The interference between RRV strains becomes stronger when one strain is inoculated at increasing intervals before the other. Here again, RRV behaves like TMV (Otsuki & Takebe, 1976 ). This interference is not overcome by increasing the inoculum concentration of the excluded strain, and its mechanism possibly differs from that of the interference found when RRV strains are inoculated together. However, RRV-S again interferes more with RRV-E than does RRV-E with RRV-S.
The exclusion of RRV-E that is induced by RRV-S is almost total by I2 h after inoculation, and can be likened to cross prGtection, as observed in whole plants. Cross protection involves the incculation of systemically infected leaves with another strain of the same virus, which fails to induce additional symptoms although it produces symptoms readily in previously uninfected plants or plants infected with an unrelated virus. In previous studies the second strain was either not detected in the challenge-inoculated plants or was found only in small amounts, the results depending somewhat on the type of prior infection. For example, Fulton (1951) found that, when leaves of Nicotiana sylvestris systemically infected with a mosaic-inducing TMV strain were challenge-inoculated with a necrotic-lesion inducing strain, lesions were produced in the dark green areas but not in the light green ones. The dark green areas contain little TMV, whereas the light green areas contain much (Holmes, I928; Fulton, I95I) , and similar differences in virus content occur between areas of the mosaic induced by cucumber mosaic virus in N. tabacum leaves (Loebenstein et al. 1977) . Attempts to study cross protection at the cellular level by preparing protoplasts from challenge-inoculated plants infected with mosaic-inducing viruses are therefore hard to interpret. For example, Cassells & Herrick (I977) studied a mild strain of TMV which delayed the onset of systemic symptoms induced in tomato plants by a challenge-inoculated severe strain. They found that some protoplasts from the symptom-bearing tip leaves of challenge-inoculated plants contained antigen of both virus strains. However, ~.ntigen was found in only about half the protoplasts from leaves infected with either strain alone: thus neither strain was detected in all cells and protection was likewise incomplete.
Cross protection is shown, par excellence, by nepoviruses. It has been used to indicate relationship between strains of RRV (Harrison, I958a; Murant et al. 1968 ) and we have shown that it occurs when RRV-S-infected Nicotiana benthamiana plants are inoculated with RRV-E. Moreover, we found that at least 98 % of the protoplasts prepared from recovered leaves of systemically infected N. benthamiana plants contained RRV-S antigen before challenge inoculation. This system therefore seems very suitable for studying cross protection at the cellular level. When protoplasts infected with RRV-S were inoculated with TRV almost all became infected, but when RRV-E was included in the inoculum only I ~ o/ produced RRV-E antigen aggregates, suggesting the protoplasts had some virus-specific resistance to infection. However, the more important fact is that their resistance to RRV-E was not absolute, RRV-E antigen having been produced in some protoplasts prepared from cells that must have become infected with RRV-S when they were still in, or very close to, the meristematic region of the shoot.
Various explanations of cross protection have been suggested. One is that two strains cannot multiply in the same cell because of an exclusion mechanism triggered by one or other strain; our results and those of others show that this is untrue. A second is that the RNA of a challenge strain entering ceils becomes coated by already existing free coat protein of the strain inoculated first, and is thereby sequestered (De Zoeten & Fulton, I975) . This too seems unlikely to be the correct explanation, because isolates of TRV that have lost the genome part that contains the coat protein cistron nevertheless induce protection against the effects of normal isolates (Cadman & Harrison, I959) . Observations on TMV strains that produce non-functional 'coat' protein provide further evidence of the same kind (Zaitlin, I976).
Gibbs (I969) suggested that cross protection could be explained by a virus-specific RNA replicase which would irreversibly bind and therefore inactivate the RNA of a related but distinct challenge strain, whereas viruses with either identical or quite different replicases would be able to replicate unhindered in the one cell. However, this would suggest that challenge isolates closely resembling the isolate already infecting the plant would be more likely to replicate than those that are less similar, whereas the reverse seems more likely to be true (Matthews, I949; Harrison, I958b) .
Although we cannot rule out the possibility that replication of one virus strain induces the production of something that inhibits other strains, we favour the hypothesis that cross protection occurs because of competition of the superinfecting and protecting strains for sites or materials in the cell. We further consider that an attractive possibility is that the effect is mediated by a virus-specific RNA polymerase which has virus-coded and hostcoded components. Although there is no direct evidence of a RNA polymerase specific for RRV, the facts that both genome parts of the virus are needed for infection (Harrison et al. 1972 b) and that pseudo-recombinants are readily produced by taking one genome part from RRV-E and the other from RRV-S (Harrison etal. I972a) but not from tobacco ringspot virus, another nepovirus (Harrison et al. I972b) , suggest that it exists.
Following this line of argument, we suggest that the RNA of the challenge strain can use the polymerase of the protecting strain and vice versa. However, when systemically infected leaves are inoculated, the RNA of the challenge strain would be at a considerable quantitative disadvantage in the competition for polymerase, compared with the RNA of the protecting strain, with the result that relatively little RNA or gene products of the challenge strain would be made. Moreover, should new virus particles containing the RNA of the challenge strain move into adjacent infected cells they would again be at a numerical disadvantage. Only if the particles passed into the phloem and were transported to the shoot tip, where not all cells were already infected, would the challenge strain stand a better chance of more extensive synthesis. Indeed Murant et al. (1968) obtained evidence, in tests using the LG and S strains of RRV, that the challenge strain invaded non-inoculated tip leaves of Petunia hybrida.
In recovered leaves, RRV replication is largely complete, the virus concentration is lower than in symptom-bearing leaves (our unpublished results), and the competition for polymerase may be less strong than in cells in which the protecting virus is multiplying actively. Also, the fact that rapid virus RNA synthesis resumes when protoplasts are prepared from tobacco leaves fully infected with TMV (Frglein et al. I975) suggests that conditions in protoplasts might be more favourable for establishment of a challenge strain than they are in intact tissue. However in preliminary experiments, in which protoplasts were prepared from recovered Nicotiana benthamiana leaves that were first infected with RRV-S and then challenge-inoculated with RRV-E, we detected RRV-E antigen in some of the protoplasts. This suggests that the behaviour of these strains is qualitatively similar in protoplasts and intact tissue.
